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Effects of nitrogen substitution in amorphous carbon films on electronic
structure and surface reactivity studied with x-ray and ultra-violet

photoelectron spectroscopies
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Cheow-Keong Choo,? and Katsumi Tanaka'®
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We investigated the effects of incorporating a low percentage of nitrogen on the local and the
electronic structures of amorphous carbon (a-C) using X-ray photoelectron spectroscopy and
ultra-violet photoelectron spectroscopy (UPS). Nitrogen-doped amorphous carbon films (a-CN,)
with varying nitrogen contents were prepared by a thermal decomposition method using a mixture
of CH, + NHj; under atmosphere. A slight shift of the C 1s core-level spectrum toward the higher
binding energy side was detected in a-CN, as a function of nitrogen content, whereas a shift of the
Fermi level (Ex) cannot be confirmed from the UPS results. This was interpreted as a chemical shift
between carbon and nitrogen atoms rather than as a shift of the Er. The C 1s peak shifts can be
explained by the presence of two kinds of C—N local structures and the charge transferred bulk
C-C components by nitrogen atoms. The two kinds of deconvoluted C 1s components could be
well correlated with the two N 1s components. Two localized states were detected below the Ex in
UPS spectra of a-CN,, which could be assigned to defect bands. These defects played a significant
role in the surface reactivity, and were stabilized in a-CN,. The adsorption and reaction of NO
were carried out on a-CN, as well as a-C films. It was found that both defect sites and O*~ species
were responsible on a-C, while O®~ species were selectively active for NO adsorption on a-CN,.
We concluded that nitrogen doping reduces defect density to stabilize the surface of a-C, while at

the same time inducing the selective adsorption capability of NO. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4976810]

I. INTRODUCTION

Amorphous carbon (a-C) coating with high hardness,
referred to as diamond-like carbon (DLC), is widely used in
various industrial fields as an environmentally benign coat-
ing material in place of Cr**. This coating has advantageous
properties, such as high mechanical hardness, low friction,
chemical inertness, and optical transparency.'™ In general,
a-C film consists of hybridized sp® and sp” carbons, and
hydrogen atoms in hydrogenated cases. In addition to its use
as a coating material, a-C has been considered an attractive
semiconductor material, because its physical properties
strongly depend on the hybridized C ratio (sp’C/sp”C), C-H
configuration, and atomic H content.” For instance, the elec-
tronic properties and band gap values can be controlled by
impurity doping. Over the past few decades, there have been
many efforts to dope a-C with N, B, and P atoms.®”
Especially, interesting investigations have examined the
influence of nitrogen doping on a-C’s electronic properties
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and semiconductor characteristics, as well as the host amor-
phous structure.® !4

Furthermore, because of the predication of extremely
hard $-C3N4,'" the synthesis of amorphous carbon nitride
(a-CN,) thin films containing as high a nitrogen content as
possible has been of considerable interest.'®'® These a-CN,
films have been extensively studied for application to semi-
conductor devices, as well as for wear protection.19’20 In
recent years, nitrogen-doped carbon-based materials, such as
two-dimensional (2D) N-doped graphene,21 one-dimensional
(1D) N-doped carbon nanotube (N-doped CNT),?* graphitic
C3Ny, (g-C3N4),23’24 and the nitrogen-vacancy (NV) center of
diamond,* have attracted great interest from both scientific
and technological points of view, based on the idea of apply-
ing carbon allotropes to future electronic devices. Therefore,
it is necessary that we gain an understanding of the nature of
the chemical bond relationship between nitrogen and carbon
atoms in a-CN,.

Amorphous CN, thin films have been prepared by vari-
ous techniques, such as plasma-enhanced chemical vapor
deposition, sputtering, and pulsed laser ablation.”® To
achieve the synthesis of a-CN, with higher nitrogen content
(~20 at. %), physical vapor deposition techniques have been
generally used.”’? In case of the nitrogen doping into sp’-
dominant tetrahedral a-C (ta-C), the electrical resistance

Published by AIP Publishing.
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reduces due to a preferential formation of the N bonds to sp”
carbon atoms, and only a few studies show that nitrogen dop-
ing into a-C leads to an increase of resistance.®'*%*! Most
of a-CN;, thin films prepared by conventional methods show
some semiconductor properties.’>* It is thus expected that
the physical properties of amorphous carbon films should
depend on nitrogen content, as well as deposition methods.
Therefore, (a) how nitrogen atoms are involved in the amor-
phous carbon network, (b) either they are bonded to sp”C or
sp>C configuration of carbon atoms, and (c) whether or not
the doping behavior of nitrogen atoms to a-C depend on
deposition methods, are quite interesting subjects to study.

The effects of incorporating nitrogen on the bulk and the
electronic structure, as well as on the electrical properties of
a-C, has been studied but not fully elucidated. We will
briefly summarize the sizeable amount of characterization
data of a-CN,, studied by X-ray photoelectron spectroscopy
(XPS), ultra-violet photoelectron spectroscopy (UPS), and
Raman spectroscopy.®'*?> First, slight nitrogen-doping
leads to a shift of the Fermi level (Ef) towards the bottom of
the conduction band as an n-type dopant. Second, with
higher nitrogen content, structural changes are induced in the
form of an extension of band tails. In the present work, we
report that a low percentage of nitrogen atoms distributed
into a-C strongly affects the charge densities on bulk C-C
bonds. Such an effect on the local density of state (DOS) of
C-C implies a delocalization of the three-dimensional (3D)
phase change of a-CN,, which can be compared with the
localization effect of a nitrogen atom in the 2D phase of
N-doped graphene.36_38

Since the a-C structure is unknown (amorphous) with a
random network, atomic-scale local structures, such as
defects, should be present both in the bulk and on the sur-
face, and they might almost be responsible for the physical
and chemical properties.’® Scanning tunneling microscopy
(STM) with scanning tunneling spectroscopy (STS) is one of
the most powerful tools for detecting atomic-scale local
structures. Recently, the local structures of nitrogen and the
defect site in N-doped graphene have been revealed by com-
bined STM/STS studies.>*% However, the direct observa-
tion of local structures with STM/STS is limited to well-
defined crystal surfaces, whereas it is quite difficult to detect
defect sites on the chaotic surface of amorphous materials. In
this study, nitric oxide (NO) was used as a molecular probe
to characterize the chemical properties and local structure on
the a-C surface. The electronic configuration of molecular
orbitals of NO is as follows: (40)*> (1n)* (56)* 27*%)!. An
NO molecule can either donate an electron to the surface to
be adsorbed as an NO™ species (NO™(a)), or accept an elec-
tron from the surface to be adsorbed as an NO™ species (NO™
(a)).40 This is because it possesses an unpaired electron in
the anti-bonding 27* orbital. The adsorption behavior of NO
is so unique that NO adsorption experiments have been car-
ried out on a-C/a-CN, thin films to interpret the chemical
properties on the surfaces and the nature of adsorption sites
from a donor-acceptor electronic point of view. They can be
compared with CO, which can act as an electron acceptor
because it has an empty 27* orbital.
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In this paper, we investigated the effects of a low per-
centage of nitrogen-incorporation on the local and the elec-
tronic structures of a-C with XPS/UPS combined analyses in
order to understand the role of nitrogen atoms in a-CN,. In
addition, we investigate the local structure and chemical
properties of the a-C and a-CN, surfaces by NO adsorption
and the reaction with NO.

Il. EXPERIMENTAL

Both a-CN, and non-doped a-C thin films were depos-
ited on ceramic (99.5% Al,O;) substrates by the pyrolysis
reaction with a mixture of CH, + Ar (1:9) gas with/without
NH; at atmospheric pressure. Our previous study contains
a schematic diagram of the hydrocarbons pyrolysis
method.*' ™ Before receiving deposits, ceramic substrates
were cleaned in ethanol and acetone with an ultrasonic cleaner.
The substrate was then placed in the center of a ceramic tube,
and a mixed gas of CHy + Ar and NH; was introduced into
the tube, with a NH3/CH, ratio of 0, 0.1, 0.2, 0.4, and 2.0. The
ceramic tube was heated up to the setting temperature of
1373 K for 2 h with a furnace, and that temperature was main-
tained for 2h. After the deposition reaction, the reactant gas
was replaced with Ar, and the furnace temperature was cooled
down to room temperature (r.t.). The prepared thin films were
exposed to air and then transferred to XPS/UPS system.

All XPS/UPS experiments were carried out at r.t. with a
VG Scientific ESCALAB MK II spectrometer at a base pres-
sure below 1 x 10~ Torr range. Core-level photoemission
spectra were recorded at a pass energy of 20eV using non-
monochromatic Al Ko (hv=1486.6eV) radiation. The
overall energy resolution, including the x-ray source and
analyzer, was about 1.0eV at the full-width at half maximum
(FWHM). The binding energy (BE) scale was calibrated by
the Au 4f;/, core-level peak at 84.0eV. The core-level BE
shifts were determined within the *0.1eV accuracy. The
thickness and conductivity of the films were in the order of
pm and ~10* (S/m).*! The charging effect could be avoided
because of the sufficient thickness and high conductivity
even on ceramic substrate. In addition, carbon films can be
deposited on ceramic substrate all over the front, rear, and
side surfaces.

The obtained C 1s, N s, and O 1s core-level spectra
were analyzed using a mix of Gaussian and Laurentian fitting
with a Shirley-type background. UPS spectra were recorded
at a pass energy of 1.0eV using He I (hv =21.2eV) with an
energy resolution of 0.1eV. The Er was referenced to the
Fermi edge of Au.

Before the NO adsorption experiment, samples were
heated at 873 K in the preparation chamber at a base pressure
below 1 x 10~ Torr range in order to remove surface contami-
nation. The sample temperature was monitored with a
chromel-alumel thermocouple. The film surface was exposed
to a 3600L (1 Langmuir; 1L =1 x 10°Torrs) of NO gas at
r.t. through a UHV metal leak valve in a preparation chamber.
After the NO exposure at 3600 L, samples were transferred to
the analysis chamber, and the XPS/UPS measurements were
carried out at r.t.
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lll. RESULTS AND DISCUSSION
A. Film compositions

Nitrogen content x in the N-doped a-C films (x values of
CN,) were measured quantitatively by the integral intensity
ratios (N/C) of N 1s to C 1s core-level XPS spectra after
considering their atomic sensitivity factors. The nitrogen
contents are plotted as a function of ammonia fraction in
methane (NH3/CH,) in Fig. 1. The values were 0, 0.027,
0.034, 0.04, and 0.04 at the NH3/CH, ratios of 0, 0.1, 0.2,
0.4, and 2.0, respectively. The x value in the CN, film was
gradually increased to 0.04 up to the NH;/CHy ratio of 0.4,
and was constant up to the ratio of 2.0. It was noted that the
nitrogen content was uniformly constant all over the surface
of the a-CN, prepared by our method. Such limited N
content has commonly been found in several studies of CN,
synthesis focused on achieving high N content to prepare
crystalline C3N4.>” Thermal chemical vapor deposition under
atmosphere has been used to understand the basic structural
stability of nitrogen substitution for carbon, as well as the
controllable N-doping mechanism.

In previous research, we confirmed that the films are
also homogeneous on the depth scale by XPS depth profiling
with Ar" sputtering.*! It is considered that nitrogen atoms
should be homogeneously dispersed and replaced with some
carbon atoms without the formation of a nitrogen-rich area
in the films because of the thermal equilibrium between
nitrogen and carbon atoms during thermal decomposition of
ammonia and methane, as well as the deposition process of
decomposed species. This was responsible for the structural
stability of CN, films prepared by our procedure.

B. XPS C 1s and N 1s core-level spectra

Fig. 2 shows the C 1s and N 1s core-level spectra for
a-CN;, films with x values of nitrogen content (x =0, 0.027,
0.034, 0.04), as shown in Fig. 1. As the nitrogen content
increased from O to 0.04, the C 1s core-level spectra demon-
strated a gradual shift towards the higher BE side with an
asymmetric broadening. The peak BE value and the FWHM
of C 1s spectra are plotted as a function of the x value in the
CN, film in Fig. 3. The N 1s spectra consist of the two major
components located at 398.5eV (FWHM: ~2.0eV) and
401.4eV (FWHM: ~2.0eV). Many XPS studies on a-CN,
have attempted to characterize the role of the C-N chemical
bond on bulk properties such as smoothness.”®***®
However, the nature of the C-N bond remains unclear

T T T T T
4,

x
S 1.x=0 i
c 2.x=0.027
S 3.x=0.034
c 4.x=0.04 |
[
D
o -
E=

1 1 1=

1.0 1.5 20

NH,/CH, gas ratio

FIG. 1. Nitrogen content x of a-CN, (x = 0, 0.027, 0.034, and 0.04) as a
function of NH3/CH, gas ratio. In this study, the samples labeled 1, 2, 3, and
4 were characterized with XPS/UPS.
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FIG. 2. C 1s (left) and N 1s (right) core-level spectra based on nitrogen con-
tent x (x=0, 0.027, 0.034, 0.04). The dashed line in C 1s shows the change
of BE position based on nitrogen content. Peak 1 (~398.5¢V) and peak 2
(~401.4eV) of N 1s core-level are denoted as N°~ and N>, respectively.

because a variety of nitrogen configurations with an unre-
solved chemical shift are present. In the N 1s peak assign-
ment for a-CN,, N 1s peaks with lower BE (398-399¢V)
and higher BE (400-402eV) are generally assigned to N
atoms with sp’-coordinated C atoms (N—sp>C) and sp*-coor-
dinated C atoms (N-sp”C), respectively.”®***’ On the other
hand, for N-doped graphene, which is connected with a 2D
network of sp” hybridized carbon atoms, these peaks have
been referred to as pyridine-like C-N (398-399eV) and
graphite-like C-N (400-402 eV), respectively.*”® The N Is
BE values remain constant with the increase of nitrogen con-
tent. Only the minor shift of C 1s towards the higher BE side
can be interpreted as a charge transfer from C (electronega-
tivity (EN): 2.5 (Ref. 51)) to N (EN: 3.0 (Ref. 51)).

It has been reported that the electron density of the C
atoms decreases depending on the different electronegativ-
ities, and as a result induces a shift of the C 1s core-level line
towards the higher BE side.” Even a moderate polarization
of carbon bonds leads to a significant BE shift, for instance,

19 1 1 1 =
18 1.x=0

2.x=0.027
17 F 13.x=0034

4.x=0.04

C 15 FWHM (eV)
o

15t i
14 -
13

285.0

2849F |1-x=0

Seush [2%=0027

I |3.x=0034

28471 |4.x=0.04

C 1sBE (eV)

0 0.01 0.02 0.03 0.04
Nitrogen Content x

FIG. 3. C 1s BE position and FWHM as a function of nitrogen content x.
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pyridine (285.5¢eV) and  hexamethylene-tetramine
(286.9 ¢V).”® Here, let us consider the reason why incorpora-
tion of even a low percentage of N into the host carbon mate-
rial (a-C) affects the C 1s main peak position shift. Based on
a simple interpretation of the XPS chemical shift, only the
C-N component seems to be a candidate as the species was
detected at the higher BE side of the C 1s spectra. As for
N-doped graphene, only the C-N component located at
around 285.5eV in the C Is core level is found without
inducing a shift of the C 1s main peak even at high nitrogen
content (~16 at. %).>> On the other hand, an upward shift of
the C 1s peak position is commonly observed in a-CN,
deposited by various techniques.®*>3* The difference of
XPS C 1s core level shifts between the nitrogen-doped gra-
phene and the a-CN, can be explained by considering
whether the constitutional nitrogen atoms act as localized or
delocalized electronic states in relation to the structural dif-
ference between the 2D crystal phase and 3D amorphous
phase. For N-doped graphene, the localized states are formed
near the nitrogen dopants in graphene, which induces a newly
allowed energy state in the conduction band, and the intro-
duction of nitrogen atoms within the graphene sub-lattice
could significantly alter its local electronic and chemical
properties.*®® Recently, it has been experimentally and the-
oretically revealed that nitrogen-doped graphite has distinct
localized 7 states in occupied and unoccupied regions near
the Er, which are derived from pyridinic-N and graphitic-N
species, respectively.”

In view of this discussion, the nitrogen atom with an ideal
2D N-doped graphene structure acts as a distinct localized
electronic state, and the charge density above the N site is dis-
tributed in a local environment. In the case of 3D a-CN,,
meanwhile, the nitrogen atom could participate in delocalized
interaction in addition to a localized interaction with the
surrounding carbon atoms, which can be compared to a 2D
graphene-like structure. It is expected that the N atoms in a 3D

C Is difference spectra N 1s
peak 1 (C%%)

i peak2 (C%Y)
\ peak 3 (C*)

282 284 286 288

Binding Energy (eV)
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a-CN,, would attract electrons from surrounding carbon atoms
with the individual dipole moment, and that the negative
charge density on the N sites could be distributed three-
dimensionally in the bulk large area. Consequently, it contrib-
utes to a shift of the C 1s core-level line towards the higher BE
side. Indeed, a nitrogen concentration of below x = 0.04 seems
insufficient to affect the electronic state of whole C—C bonds.
However, if one assumes that the a-CN, in our system is com-
posed of a 3D disordered network connected with some homo-
geneous N-doped C clusters, the individual carbon atoms
should not be too far away from the nitrogen atom. In such a
case, the nitrogen atom has the potential to affect the charge
distribution of most of the C—C bonds, which could be a good
comparison with the ideal N-doped 2D graphene. In the disor-
dered a-CN, structure, having both an extension and an angle
distortion of the C—C bonds will induce a complex negative
charge-density distribution on nitrogen. The first nearest neigh-
bor C atoms coordinated to the nitrogen atom in a-CN, (i.e., a
localized environment) are responsible for the increase of the
C 1s FWHM. In addition, some small unresolved chemical
shifts originating from weakly positive charges on, for exam-
ple, the second and third nearest neighbor C atoms will give
rise to a broadening of the C 1s core-level line.

The N 1s spectra in Fig. 2 clearly indicate that at least
two types of C—N phase (398.5eV and 401.4eV) exist. In
terms of polarizability, the low and high BE sides are hereaf-
ter denoted as N° and N°°~. Here J represents a partial
charge and the negative charge strength of J— is stronger
than 6J—. These two C—-N components must also be included
in the C Is spectra, but the corresponding peaks are not
clearly observed in the spectra because of the overlapping
BE positions of these species. The difference spectra can
then give us useful information to clarify the presence of sig-
nificant species following the deconvolution of the multi-
component spectra. Fig. 4 (left) shows the C 1s difference
spectra, obtained by subtracting a-C from a-CN, (x=0.027,

peak 5

FIG. 4. (a) C 1s difference spectra
based on nitrogen content x (x =0.027,
0.034, and 0.04) obtained by subtract-
ing non-doped a-C from a-CN,. The C
1s difference spectra have been decon-
voluted with a Gaussian function. (b)
The deconvoluted N 1s spectra with a
Shirley-type background. Peaks 1, 2, 3,
4, and 5 are denoted as C%%t, €%,
C%*, N°", and N, respectively.

3.x=0.034

2.x=0.027

[ FETTTPErTt FETT PTTTt FETTTITT T FETTTPTTT FPTT e |
290 396 398 400

402 404 406

Binding Energy (eV)
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0.034, and 0.04) and normalizing the peak intensity. The C
1s difference spectra could make clear at least three compo-
nents at ~287.4eV (FWHM: ~1.1eV), ~286.3eV (FWHM:
~1.2eV), and ~285.4eV (FWHM: ~1.2eV), which are
denoted as C°", C%°*, and C°°°". Here the positive charge
strength is in the following order, C°F > C%+ > (C%%F,
These three components have been deconvoluted with
Gaussian fittings. The difference spectra in Fig. 4 (left) were
deconvoluted with FWHM of 1.1-1.2eV and BE difference
of 0.9-1.1eV, which will be meaningful by considering
energy resolution of our XPS (Al Ka: ~0.85¢eV). The inten-
sity ratios of C°*/C%°" for a-CNggp7, a-CNpgss, and a-
CNy o4 were 0.22, 0.34, and 0.26, while the N°/N°°~ ratios
were 0.22, 0.41, and 0.21, respectively. A good relation was
obtained between C°*/C°°* and N°/N°" ratios. Therefore,
the difference spectra of Fig. 4 (left) can be used to fit the
raw C 1s spectra in Fig. 5. According to the size calculation
using the integrated intensity ratio of D- to G-peak in Raman
spectroscopy,”® it can be assumed that the incorporated nitro-
gen atoms should be apparently distributed in a carbon clus-
ter with a size of a few nm diameter. Then the carbon atoms
in such a cluster should be composed of at least fourth or
fifth nearest neighbor carbons even at nitrogen content
x=0.01. The nitrogen atom can contribute the electronic
effect to carbon atoms in the order, first, second, and third
nearest neighbor carbon atoms such as N-C*, N-C-C*, and
N-C-C—C*. When the carbon network is homogeneous,
these species could be discriminated. If the cluster network
is heterogeneous, the positive charge distribution detected in

1" C-C bonds (C%%)
17 1 C-Cbonds (C%)
2 graphitic C-N (C%)
3 pyridine-like or
1 sp*C-N (C*)

pureC-C —:
(2844eV) i

3.x=0.034

Intensity (a.u.)

2.x=0.027

282 284 286 288 290
Binding Energy (eV)

FIG. 5. The deconvoluted C 1s spectra of a-CN, (x=0, 0.027, 0.034, and
0.04), with subtracted Shirley-type background. The dashed line shows the
peak position of pure C—C bonds.
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C 1s may depend on the number of carbon atoms bonded to
a nitrogen atom, for instance as an average charge in alkyl
groups such as methyl, ethyl, and propyl group. We are dis-
cussing the charge separation of C 1s from the viewpoint of
the former homogeneous carbon network model because our
carbon films were prepared under thermal equilibrium. The
difference of bond character between nitrogen atom and C,
(n=1, 2, 3.) species is responsible for the charge separation
detected in N 1s spectra. The carbon atoms have mainly the
sp” character so that we can assume C=N bond formation. In
such a system, two types of bonds between carbon and nitro-
gen atoms, such as (C,);—N and (C,)-N=C, can be imag-
ined. Then, N 1s BE should have two different discriminated
values. This will be responsible for the result that two N 1s
BE values are detected to be almost constant. In general,
XPS BE shift due to chemical shift is reflected for example,
by electronic state, oxidation state, bonding state such as
sp*/sp’, and coordination state.’’ The nitrogen substitution at
the order of a few ppm into diamond leads to E shift and C
Is core-level shift simultaneously.’® Heteroatom doping to
high resistive materials such as intrinsic semiconductors
causes increase of conductivity and Ey shift. This will be
so-called charge transfer doping. In fact, it is reported that the
nitrogen atoms in tetrahedral amorphous carbon is effective
as an n-type dopant to shift E-.*'*%° However, our a-C films
have high electrical conductivities due to sp?C-dominant
amorphous structure. ! Therefore, it is considered that nitro-
gen incorporation to our a-C will not be so effective (or have
no effect) as doping to increase the electrical conductivity
and as a result no E shift can be detected. Consequently, the
BE shift detected for C 1s in our a-C can be explained by an
average charge transfer between doped nitrogen atom and
surrounding carbon atoms in a-C, since XPS detects the sum
up information of each electronic state on carbon atoms. The
nitrogen substitution into graphene can tune the electronic
band structure such as Dirac energy shift, which will be
related to charge transfer between nitrogen and carbon
atoms.*®°%°! On the other hand, the substitutional nitrogen
atoms in our a-C could not be effective as an n-type dopant in
contrast to the conventional charge transfer doping. In con-
clusion, the charge transfer in our system can be responsible
for a chemical shift rather than E shift.

The deconvoluted N 1s spectra with a Shirley-type back-
ground of a-CN, sample are also shown in Fig. 4 (right).
Considering the electronic polarization of the C-N bond (C°*
— N%), the component labelled N°~ will make the chemical
bond with C°", while the peak labelled N°*~ will do so with
C%°*. These two pairs between the C and N components can
be assigned to carbon and nitrogen atoms in a-CN,, for
instance, the first and second nearest neighbor relation,
whereas the C 1s component (C5‘55+) located at 285.4eV
does not accompany any corresponding N 1s spectra compo-
nent. It is possible that the C 1s component with the BE value
will be assigned to the bulk C species, which are charge trans-
ferred with only to a small extent from N atoms; i.e., the C 1s
component as third and fourth nearest neighbor to N atoms,
and so on. The negative component in Fig. 4 induces the sub-
stitution of the homo-polar C—C bonds at 284.4eV in non-
doped a-C for the hetero-polar C—N bonds in a-CN,. The
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negative and positive parts have to show the same spectral
area in the best subtraction. At that time the spectral area
should be the same at the corresponding two spectra. Note
here that the relative intensity ratios ([C°F]/[C%°"]) are
almost the same as those of [N(s_]/[N(s(s_]. The numerical stud-
ies regarding N 1s core-level BE values revealed that a com-
ponent with a peak at lower BE values is assigned to N atoms
with isolated lone pairs in analogy with f-SisN4,?*** while a
component with a peak at higher BE values is attributed to
substitutional N atoms in a sp” graphite-like configuration.
The lone pair electron in the graphite-like configuration is not
isolated, and is involved in the stronger w bonds of the aro-
matic ring.*> Assuming that a lone pair in pure pyridine or
sp’C—N is isolated and in a local environment, the graphite-
like N atom is responsible for donating a positive charge on
most C—C bonds. The FWHM of the N 1s component
observed in nitrogen-doped graphene is quite narrow
(~0.8 eV).52 The broadening of N 1s (FWHM: ~2.0eV)
detected in our work infers that the negative charge density
on a nitrogen atom is delocalized to affect some carbon
atoms. Furthermore, the charge density distribution on each
nitrogen atom will depend on the surrounding carbon network
configurations to be slightly different. This is the reason for
the broadening of the N 1s spectra. The large separation of
~3.0eV between the lower energy (398.5eV) and higher BE
component (401.4eV) indicates at a glance the presence of
two kinds of C-N configuration with quite different electric
states. The curve fittings were performed for the original
spectra by considering C 1s difference spectra, as shown in
Fig. 5. The data obtained in the deconvoluted C 1s and N 1s
spectra are summarized Table I. The deconvoluted species 1,
(denoted as C°") with the peak at 285.4+0.1eV, is
assigned to the weakly charge transferred C,,;, component
affected by the nitrogen atom. Meanwhile, the deconvoluted
species 1’ located within a range from 284.5 to 284.8¢V is
assigned to C%%%%  which is the Chu component almost
unaffected by nitrogen atoms. The deconvoluted species 2
(denoted as C*°) that peaked at 286.3 = 0.1 eV and the spe-
cies 3 (denoted as C°™) that peaked at 287.4eV are assigned
to C 1s of a graphite-like C-N, and pyridine-like or sp’C-N,
respectively. The intensity ratio of C°°°* to C°°%°F increased
with the increase of nitrogen content in a-CN,. This result
implies that C°*°°" can be converted to C*°°" by the effect of
nitrogen atoms.

J. Appl. Phys. 121, 095302 (2017)

Fig. 5 requires further discussion. The presence of nitro-
gen atoms strongly affected the shape of the higher BE side,
while it was confirmed that the tailing shape at the lower BE
region below 284.4eV was slightly changed. The tailing
changes at the lower BE side originated from C—H bonds.*
However, we can exclude that possibility here, since the
hydrogen contents in our a-CN, samples were almost negli-
gible. We interpret the reason for the tailing at lower BE side
here as a change in the contribution of the Gaussian and
Laurentian functions induced by nitrogen incorporation.
This implies that whole C—C bonds are influenced by nitro-
gen atoms. The increase of a Laurentian contribution by
N-doping was confirmed by analyzing the fitting function.

A large number of the XPS studies on a-CN, have
focused on the local structure of the C-N bond and the origin
of the two separated peaks of the N 1s core-level.”®** In the
present study, we discussed in detail the effects of nitrogen
incorporation into a-C films on C Is as well as N 1s core
levels. Based on the C 1s difference spectra and N 1s decon-
voluted spectra, we were successfully able to assign the
correlated C 1s and N 1s signals to the corresponding com-
ponents of a-CN,. Recently, the effects of substitution of car-
bon atoms with nitrogen on the carbon bond structure have
been studied by STM/STS systems and angle-resolved pho-
toemission spectroscopy (ARPES).®® Such recent advanced
instrument will give us more insight in the present system.

C. UPS valence-band spectra

Valence-band spectra were acquired with He I excitation
to investigate the effect of nitrogen incorporation on the
electronic structure. The photoionization cross-section
values of C 2s, C 2p, and N 2p with He I (hv = 21.2eV)
have been reported to be 1.2, 6.1, and 9.7 Mb, and 1.2, 1.9,
and 44Mb at He II (v = 40.8eV), respectively.®?
According to the photoionization cross sections of carbon, C
2p states are dominant in He I spectra, so that they will be
the main constituent of the p-derived partial density of state
(p-DOS). The raw He I spectra of a-CN, (x = 0, 0.027,
0.034, and 0.04) and highly oriented pyrolytic graphite
(HOPQG) are shown in Fig. 6 (left). The spectra were specific
in BE regions of 0—4 eV and 6-8 eV, which can be assigned
to C 2pn and C 2po, respectively.63 They were clearly

TABLE I. Binding energy (eV), FWHM (eV), relative intensity ratio (%), and intensity ratio (C‘H/C‘S‘pr and N‘S’/N(S‘S’) obtained by the deconvolution of C Is

and N 1s for a—CN0_027, a—CN0_034, and a—CN0_04.

a-CNo 27

a-CNo 034

a-CNg o4

Cls

BE (eV)

FWHM (eV)

Relative intensity ratio (%)
Nls

BE (eV)

FWHM (eV)

Relative intensity ratio (%)
Co+/Co0+

NN

OO+, QO+, Qo0+ o0+
287.4,286.3, 285.4,284.5
1.20, 1.20, 1.20, 1.40
2.2,9.3,14.5,74.0
N, N9
398.5,401.4
1.52,2.00
17.8,82.2
0.24
0.22

OO+, OO+, I+ o9s0+
287.4,286.2,285.3,284.6
1.30, 1.30, 1.30, 1.38
3.6, 10.8,20.2,65.4
No’—’ N55—
398.5,401.4
2.00, 1.83
28.7,71.3
0.33
0.41

OO+, QO+, Qo0+ o0+
287.4,286.4,285.4,284.8
1.20, 1.25, 1.30, 1.38
3.9,13.6,24.7,57.8
N, N9%-
398.8,401.5
1.67, 2.00
17.4,82.6
0.29
0.21
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He I difference spectra

(4-1)

AN(E)

(3-1)

Intensity (a.u.)
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FIG. 6. He I spectra (left) with nitro-
gen content x (x =0, 0.027, 0.034, and
0.04). HOPG UPS spectra are shown at
the bottom. The difference UPS spec-
tra were obtained by subtracting of
non-doped a-C from a-CN, (right).

6 o 2 a4
Binding Energy (eV)

discriminated as two peaks at ~3 and ~6eV in HOPG UPS
spectrum.

Compared with HOPG, the each UPS spectrum of a-
CN, samples showed a broadening. This would be because
they are composed of some amorphous networks. The p-
DOS of a-CN, was broader than that of non-doped a-C, due
to the fact that the electronic state of mother C—C bonds can
be modified by nitrogen incorporation. The BE value of the
peak position of C 2po shifted from approximately 6.5 to
7.0eV. Nitrogen atoms in a-CN, provide more complicated
p-DOS than non-doped a-C, since both C—N 7 bonds (C-N
2pm) and C-N ¢ bonds (C-N 2po) are included in p-DOS.*’
Thus, the interpretation for the upward shift of C 2ps must
be treated carefully.

According to the previous UPS studies on CN,, assign-
ments of the peaked components are as follows: (i) ~0-3eV
to C—C 2pm; (ii) ~4.5eV to an N localized lone pair; (iii)
~6¢eV to a C 2pn 4 C 2po overlap; (iv) ~6-7¢eV to a delo-
calized C—-N 2pm; (v) ~7eV to a C—C 2pga; (vi) ~9eV to a
C-N 2po; (vii) ~10-11eV to a C 2s-2p hybridized
state.****°%%* Two minor shoulders at 5-7eV and 8-9eV
found only in a-CN, correspond to the C—N 2prn and C-N
2po state, respectively. Since the photoionization cross-
section ratio of o(N 2p)/a(C 2p) is 1.6 at He I excitation
energy, the contribution of C-N 2pc¢ and 2pr states to UPS
spectra will be dominant. As the C-N 2pn, C—C 2pos and
C-N 2po species were detected at a BE value within the
range of 6-9eV, they are difficult to distinguish from each
other. In addition, C 2po might shift to the upper BE side
with the formation of C—N bonds.

The effect of a charge-transfer between carbon and
nitrogen is deduced as mentioned above. It is uncertain how
such charge-transfers influence the density of states for pure
C 2po and 7 bands. The peaks were clearly detected at about
4 eV, as shown in Fig. 6 (left). The peaks at ~4 eV in a-CN,
have generally been designated as nonbonding N 2p7n lone
pair states analogous to those of f-Si3Ny; however, this has

8 10 12 14 16

Binding Energy (eV)

not yet been proved for a-CN, experimentally.'? The non-
bonding N 2p, state is only possible for N atoms in a planar
configuration.®® However, it is difficult to prove whether or
not N atoms are situated in the planar configuration in amor-
phous CN,. It is not possible to completely avoid the effect
of residual water (H,O) contaminating the sample surface,
even under ultra-high vacuum. Irrespective of non-doped
a-C and a-CN,, the peak at 4eV usually emerged after our
sample had been maintained in a UHV chamber for a few
hours. Consequently, the 4 eV peak will not be N lone pairs,
but rather the effect of surface contamination by H,O. The
effect of surface contamination should be negligible on the
electronic structure of a-CN,. In a-CN,, the broadening of
the band lying around 10-12eV will imply a change from
the C 2s—2p hybridized state to the C—N one. It is noted that
the broad shoulder around 12-14 eV is associated with the
secondary electron (SE) peak.

To provide insight on the interpretation of these over-
lapped peaks, the difference spectra were acquired by
normalizing the peak intensity. Fig. 6 (right) shows the dif-
ference spectra, obtained by subtracting a-C from a-CN,
(x=0.027, 0.034, and 0.04). The BE region between 0 and
3eV due to C 2pn remained constant. The difference spectra
showed the negative and positive components at 4—7 eV and
7-12eV, respectively. The former was assigned to the
upward shift of the o band of non-doped a-C, while the latter
was attributed to the contribution of C 2pn 4 C 2po overlap-
ping to form C-N components. The delocalized C-N 2pn
and C-N 2po were detected at BE values higher than 6¢eV,
so that the positive component in Fig. 6 (right) strongly
infers the contribution of C-N components. This contribu-
tion can be deconvoluted by two components, the shoulder at
around 7eV and the intense component at 8—10eV, which
can be assigned to the delocalized C-N 2pn and C-N 2po,
respectively. It has been reported that the DOS of C 2pn
increases monotonously without revealing any significant
nitrogen-related features as a function of nitrogen
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concentration,>>>* However, when nitrogen concentration is
enhanced considerably, the characteristic density of C-N
state is dominant in the UPS spectra.*>>>* In contrast to these
findings, our results indicated that even a few nitrogen atoms
could modify the valence-band structure of the a-C to the
corresponding specific nitrogen-related feature. If nitrogen
atoms are incorporated into distributed C clusters, they can
contribute to UPS spectra much more sensitively, because of
the shallow escape depth. In such a case, the DOS should
reveal the contribution of C-N bonds even with low nitrogen
content.

The Fermi edges of a-CN, samples were carefully stud-
ied. The valence band spectra below the E were extended,
as shown in Fig. 7. The Fermi edge was detected at 0 eV, not
only for the non-doped a-C but also for a-CN, samples. In
addition, we could not confirm whether the Fermi level shifts
or not, because of the localized state induced by nitrogen
incorporation. Therefore, we cannot conclude the possibility
of Ep shift from the UPS results. This result indicates that
the E does not shift by nitrogen incorporation. Interestingly,
the UPS spectra for a-CN, exhibit some localized DOSs
below the Ex. It was confirmed that nitrogen doping gives
rise to at least two density states (denoted as D1 and D2),
and that the D2 peak becomes significant upon nitrogen con-
tent. The origin of the DOSs below the Fermi energy by
nitrogen doping has not been proved experimentally thus far.
The appearance of a new DOS near the Ej. for a-C:H can be
made clear experimentally by photoelectron and photoelec-
tron yield spectroscopies.®® Two kinds of DOS have been
reported at around 0.4 and 1.5eV. It has been said that the
defect state due to Si dangling bonds arises strictly from o
bond (sp’-like), whereas amorphous carbon contains both &
and 7 bondings.” These bonding characteristics of carbon
infer that there is in principle a possibility of 7 (sp*like) and
o (sp3-like) defects. It can be assumed that the defect bands
are responsible for the two localized states in a-CN,, and that
they originate from both sp®-like and sp’-like defects
induced by nitrogen atoms. Since nitrogen is related to the
creation of a defect state, it is expected that nitrogen atoms
would be captured into the carbon surrounding defects or its

Intensity (a.u.)

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
E: Binding Energy (eV)

FIG. 7. UPS Fermi edge with nitrogen content x (x =0, 0.027, 0.034, and
0.04). The observed two localized states are denoted as D1 and D2, and are
attributed to defect bands.
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defect site. In the case of N-doped graphene, the carbon
atom near a defect prefers substitution by nitrogen
atoms.®”*” The DOSs originating from the defects could be
clearly observed by UPS spectra after a-CN, samples were
exposed to air for a long time. This indicates that the defect
sites can be stabilized by nitrogen atoms; that is, that nitro-
gen atom can contribute to chemical stability on the surface.
It is reported that N-doping onto the graphene lattices
decreases the surface oxygen-containing groups, which may
improve the corrosion resistance of the graphene.’® The
chemical stability gained by nitrogen doping is discussed
further below.

Recently, the effect of N doping on the formation of
structural defects has been intensively studied in compounds
such as N-doped graphene, the NV center in diamond, and
graphitic C3N, (g-C3N,).>>7""? We believe that our UPS
results provide an insight into the relationship between nitro-
gen incorporation into a-C and the creation of defects.

D. Photoelectron spectroscopy (XPS/UPS) studies on
adsorption and reactions with NO probe molecules

Fig. 8 shows O 1s spectra for a series of heating and NO
exposures, and the difference spectra between two succes-
sive experiments. Before NO exposure, the O 1s signal was
detected at 3.1 at.%. The O 1s spectrum was broad and
asymmetric, and could be deconvoluted into three compo-
nents at 531 eV (0%, 532.5¢V (-OH species), and 534 eV
(residual carbonate species CO,).”>””> Upon exposure to NO
gas (3600 L) at r.t., an additional component was observed at
~532eV. The oxygen content increased slightly from 3.1
at. % to 3.6 at. %. In contrast to O 1s, the N 1s spectrum had
no signal. The O 1s BE values for several adsorbed NO, spe-
cies have been identified as follows: (i) ~531-532¢eV to
adsorbed NO molecular; (ii) ~532-533 eV to adsorbed NO»;
(ii1) ~533-534.5eV to adsorbed N,O; and (iv) 529-531eV
to dissociatively adsorbed atomic oxygen O(a).”””"’
Therefore, we can assign the component at ~532¢eV to the
adsorbed NO species. The broad peak could indicate the
presence of different kinds of adsorbed NO states and/or
partially dissociated NO species.

It is widely known that some defects play a crucial role
in molecular-gas-adsorption on materials such as metals,
metal oxides, and carbon nanotube.”®8 Since a-C will have
some defects with higher density because of its disordered
structure, it is reasonable to assume that they will act as NO
adsorption sites. After heating the sample at 873K for 4h,
the oxygen content decreased from 3.5 at. % to 3.1 at. %.
The O 1s spectrum was completely changed, and the inten-
sity of the O*" component at ~531eV was dramatically
increased. The difference spectrum in Fig. 8(c — b) shows the
increase of the component at 531eV and its decrease at
533 eV, implying that some oxygen species (—OH, CO,) are
replaced by the reaction with NO(a) to form O~ species.
Since NO molecules can be dissociatively adsorbed on some
metal surfaces,40 the dissociated O(a) may arise from the dis-
sociation of NO molecules on the a-C surface. We were not
able to confirm the dissociation of NO molecules, because
the corresponding N 1s signal could not be detected.
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FIG. 8. XPS O Is spectra and difference spectra of a-C for a series of heat-
ing and NO exposures: (a) before NO exposure; (b) after first NO exposure
(3600L) at r.t.; (c) after heating at 873 K; and (d) after second NO exposure
(3600L) at r.t.

Fig. 8(d) shows the O 1s spectrum at the second NO
exposure (3600L) after heating at 873 K. The oxygen con-
tent increased from 3.1 at.% to 3.3 at.% with a slight
increase of relative intensity at ~534.2eV. The O 1s spec-
trum peak at ~534.2eV can be attributed to NO, (NO,,
NO3;, and N,O), including NO species that interacted with O
atoms (NO-0).8"® The effects of surface oxygen on NO
adsorption and reaction have been extensively studied on
several metals, which found that the NO-O intermediate
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states were initially formed in a coadsorption experiment of
NO and O, molecules on clean Pt and Ag surfaces.
The strong NO-O interaction leads to the formation of NO,
species simultaneously with the dissociation of O(a) +
N(a).**% In our results, the appearance of a new component
at ~534.2eV with the decrease of O>~ component indicates
that adsorbed NO, are formed via a concerted mechanism
between NO(a) and O(a).

Fig. 9 shows the O 1s spectra before and after NO expo-
sure on a-CNj o3 and the difference spectrum. After NO expo-
sure (3600 L), the oxygen content increased from 2.2 at. % to
3.2 at. %. The component at ~534.3 eV, which is attributed
to both NO, and NO-O species, increased, while the intensity
of O species at ~531.2¢eV slightly decreased. The interac-
tion of NO(a) with O>~ will occur for a-CN, as well as a-C
samples. When the O®~ species on the surface react with NO
(molecular), the negative area at ~531.2 eV should be almost
the same, with a positive area at ~534.3eV. As shown in the
difference spectrum of Fig. 9, the area difference between the
positive and negative regions indicates that a portion of the
adsorbed NO species was dissociative and adsorbed to oxy-
gen atoms via the NO-O interaction; consequently, the disso-
ciative oxygen atoms are used to form NO,(a).

In NO exposure experiments for a-C, we observed the
component at ~532eV associated with NO(a) on defect
sites, whereas this was not the case for a-CNg 3. It was
expected that a-C should have defect sites at a much higher
concentration than a-CNg 3. As already mentioned for the

(f-e)

NOx

Intensity (a.u.)

530 532 534 536 538
Binding Energy (eV)
FIG. 9. XPS O 1s spectra and difference spectrum of a-CNg o3 for before and

after NO exposure: (a) before NO exposure and (b) after NO exposure (3600 L)
atr.t.
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UPS spectra of a-CN,, the incorporation of nitrogen atoms
into a-C is related to the creation of steady defect sites, and
NO molecules are not adsorbed molecularly on the defect
sites of a-CN,. In addition, oxygen content on a-CN, before
NO exposure was lower than that on a-C. This result indi-
cates that the number of surface defects especially active for
NO dissociation is reduced by terminated nitrogen atoms,
and as a result, a-CN, will have lower activity for NO
adsorption. In the case of NO adsorption on O~ species at
~531eV, we observed the presence of a NO,-related compo-
nent at ~534eV for both a-C and a-CN 3. This indicates
that O*~ species can act as a NO adsorption site independent
of nitrogen incorporation.

Interestingly, the C 1s main peak of a-C showed an
upward shift to the higher BE side from 284.4 to 284.6eV
after NO exposure, while there was no such shift for a-CNj o3.
In the second NO exposure experiment, after heating at
873K, the C 1s of a-C shifted toward the higher BE side from
284.2 to 284.5eV. Such a BE shift after NO adsorption on a-
C will induce an electron transfer from NO(a) to the surface.
We earlier concluded that even a few atom percentage points
of nitrogen atoms lead to a shift of C 1 s toward the higher BE
side by the charge transfer from C to N. Similarity, the shift to
the higher BE side after NO exposure indicates that even a
small amount of adsorbed NO can donate a positive charge on
some surface carbon atoms. Then, the adsorbed NO and NO,
species should have negative charges, which are denoted as
NO™ and NO_, respectively. For a-CN,, since most carbon on
the surface already has a positive charge from the incorpo-
rated nitrogen atoms, the C 1s BE value will be unaffected by
adsorbed NO, species.

The UPS spectra before and after NO exposure on a-C
and the difference spectrum are shown in Fig. 10. The differ-
ence spectrum (b — a) makes clear the additional peaks at
~3.5, ~4.2, ~6.5, ~8.8, ~11, and ~13eV below the Er. The
peaks located at ~3.5, ~8.8, ~11, and ~14 eV can be assigned
to 2w, 1m, So, and 40, respectively, which are derived from the
valence orbitals of the adsorbed NO molecule.** The broad
peaks located at ~4.2 and ~6.5eV can be attributed to the
atomic orbitals of N and O 2p levels, respectively.”®*>% The
presence of N and O atoms could not be clearly observed in
the XPS spectrum because of the large escape depth, i.e., the
less sensitive surface. Note that the dissociative N and O atoms
coexist with the adsorbed NO species on the surface.

The difference spectrum (d — c) at the second NO expo-
sure after heating the sample at 873 K was similar to that of
the first NO exposure experiment except for the disappear-
ance of ~3.5 and ~13eV. Since the XPS O s indicates the
presence of both of NO-O and NO, species, these peaks
would be detected in the UPS spectrum. The UPS spectra of
molecularly adsorbed N,O present four peaks at 5.9, 9.3,
11.0, and 12.8 eV, which are assigned as 27, 70, 17, and 60,
respectively.®”* Molecularly adsorbed NO, produces a
complex structure with a large number of orbitals.®® In this
study, several NO, species were found to coexist with con-
certed NO-O species in addition to dissociative N and O
atoms on the surface due to the large amount of NO (3600 L)
dosed at r.t. The additional peaks that appeared after the sec-
ond NO exposure can be primarily assigned as a part of the
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FIG. 10. UPS spectra and difference spectra of a-C for a series of heating
and NO exposures: (a) before NO exposure; (b) after first NO exposure
(3600L) at r.t.; (c) after heating at 873 K; (d) after second NO exposure
(3600L) atr.t.
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FIG. 11. UPS spectra and difference spectrum of a-CN o3 before and after NO
exposure: (a) before NO exposure and (b) after NO exposure (3600L) at r.t.
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TABLE II. Summarized data obtained in NO adsorption and reaction experiments by XPS/UPS measurements.

Atomic ratio

XPS

UPS

Sample C:O:N O 1sBE (eV) C 1sBE (eV) Difference spectra BE (e V)
a-C

(a) Before 100:3.2:0 ~531, ~532.5, ~534 284.4 (b—a)

(b) NO 3600 L 100:3.8:0 ~531, ~532%, ~532.5, ~534 284.6 ~3.5,~4.2,~6.5, ~8.8, ~11,~13
(c) 873K 100:3.2:0 ~531, ~532.5, ~534 284.2 (d-c¢)

(d) NO 3600 L 100:3.4:0 ~531, ~532.5, ~534, ~534.2° 284.5 ~4.2,~6.5, ~8.8, ~11
a-CNo 03

(e) Before 100:2.2:3.2 ~531.2, ~532.5, ~534 285.0 (f-e)

(f) NO 3600 L 100:3.2:3.3 ~531.2, ~532.5, ~534, ~534.3° 285.0 ~4.2,~7.1,~9.2, ~11.5, ~13.8
NO species.

"NO, species and/or NO-O species.

NO,-associated molecular orbitals, such as adsorbed NO,
N,0, and NO,, in addition to the concerted NO-O species.

Fig. 11 shows the UPS spectra of a-CNg 3 before and
after NO exposure. After NO exposure at 3600 L, five com-
ponents were found at ~4.2, ~7.1, ~9.2, ~11.5, and
13.8eV. The first two components at ~4.2 and ~7.1 eV can
be assigned to dissociative N and O atoms, respectively. The
latter three components at ~9.2, ~11.5, and 13.8 eV, mean-
while, are in good agreement with the 17, 5S¢, and 40 of
molecularly adsorbed NO orbitals with the lack of 2x level.
The XPS result after NO exposure indicates the presence of
NO, species, so that the corresponding molecular orbitals
should be included in the UPS spectrum of not only a-CNj o3
but also a-C. The negative peak at ~6eV can be interpreted
as the emission loss of C 2p, because the a-CNj o3 surface
can be covered by adsorbed NO, species at a much higher
concentration than the a-C. This may simultaneously explain
the selective electronic interaction between NO, species and
C 2p orbitals on a-CNj o3 in addition to the higher photoioni-
zation cross section of C 2p (6.1 Mb) compared with C 2s
(1.2Mb). The defect states below the Er remained almost
constant even after NO exposure, which implies that the
defect states created by nitrogen incorporation are quite sta-
ble, as mentioned above.

The data obtained in this work are summarized in Table
II. From the XPS/UPS results, it is possible to conclude that
NO adsorption and the following reactions to produce NO,
species occur on defect sites and/or 0% As for a-C, both the
defect sites and O~ species act as NO adsorption sites.
Meanwhile, for a-CN,, o species will be restrictively
responsible for NO adsorption because incorporating nitro-
gen atoms decreased the number of defect sites. This is due
to the fact that the a-CN, surface is much more chemically
stable than the a-C surface. Furthermore, it is noteworthy
that it can be inferred that the NO adsorption occurs on both
a-C and a-CN, surfaces, which could awaken the potential
application of carbon-based amorphous materials for cata-
lytic reactions of NO, species, as well as NO molecules.

IV. CONCLUSIONS

We investigated the effects of nitrogen incorporation on
the electronic structure of a-C using photoelectron spectros-
copy (XPS/UPS). In the 3D a-CN, phase, the incorporated

nitrogen atoms induce positive charge distribution of most of
the C—C bonds, and result in a slight shift of C 1s core-level
toward the higher BE side. Even a few nitrogen atoms can
provide a delocalized charge contribution to the surrounding
carbon atoms. The C 1s difference spectra reveal that there
are two different C-N bond types, and that bulk C—C compo-
nents are charge transferred by N atoms incorporated to
affect the second and third nearest neighbor C atoms. The
C—C species with the lowest C 1s BE value are influenced
(charge transferred) by nitrogen atoms and finally converted
to C Is species at 285.4 eV with an increase of nitrogen con-
tent. Even a slightly higher percentage of nitrogen can mod-
ify the DOS of a-C; however, the shift of the £ cannot be
detected by nitrogen incorporation. The N-doping produces
two localized defect states below the E,. These defect sites
play significant roles in terms of surface reactivity based on
the electronic nature of a-CN,. The studies on adsorption and
reactions with NO molecules make clear the presence of two
kinds of local sites for NO adsorption. For a-C, both defect
sites and O”~ species are responsible not only for NO adsorp-
tion but also for the reaction, while for a-CN,, NO can be
adsorbed on O~ species. Nitrogen doping reduces the defect
density of the a-C and while at the same time inducing chem-
ical stability of the surface. The difference of the reactivity
between a-C and a-CN, originates from the chemical stabil-
ity of the surface.
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